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  ABSTRACT 
RELATIONSHIP BETWEEN HABITAT VARIABLES AND LEOPARD SHARK 
(TRIAKIS SEMIFASCIATA) POPULATION TRENDS IN THE SOUTH SAN 
FRANCISCO ESTUARY  
 
by Patrice Frazier  
 The San Francisco Estuary (the Estuary) supports a diversity of native marine 
species, including the leopard shark (Triakis semifasciata). As the human population 
has increased in the Bay Area, elasmobranchs have simultaneously been subjected to 
habitat loss and changes in hydrology. On a large scale, global climate change is also 
affecting the Estuary's water quality. There is little research on the long-term 
population size of leopard sharks in the Estuary. Leopard shark catch data collected 
by the Marine Science Institute (MSI) and water quality data from the United States 
Geological Survey (USGS) from 1998 to 2017 were analyzed to assess long-term 
trends in leopard shark abundance, as well as the hydrological conditions in the 
southern portion of the Estuary that might be contributing to those trends. Results 
from this study indicated that the annual abundance of leopard sharks in this region 
has remained relatively stable over the study period despite interannual variability in 
CPUE and significant changes in fundamental abiotic estuarine elements. Low 
salinity was determined to influence leopard shark abundance when analyzed during 
the months of April to August. Further analyses on the status of leopard sharks as 
conditions related to climate change continue to challenge elasmobranch species 
could help managers protect the estuary environment.  
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   1 
Introduction  
  
The San Francisco Bay Estuary (the Estuary) is a biologically diverse ecosystem that 
supports over 700 different marine species (Cohen, 2001; Mooi et al., 2007). Estuarine 
habitats receive water and sediment from both the ocean and adjacent rivers, which 
provide an abundance of nutrients to both resident and seasonal flora and fauna. This 
mixing of resources from neighboring waterways makes estuarine environments 
extremely productive and biodiverse.  
As the largest estuary ecosystem in the western portion of the Americas, the Estuary 
greatly contributes to the ecological diversity of the region (Mooi et al., 2007). As with 
most regions on the planet with an abundance of natural resources, the San Francisco Bay 
area has attracted a sizable human population (Paddison, 2005). Within a span of 250 
years, the human population in the Bay Area has expanded from approximately 500,000 
individuals to over 7 million (Mooi et al., 2007; Paddison, 2005). Intensive resource 
extraction practices that began in the 17th century have permanently altered the ecology of 
the Estuary in a relatively short time period (Mooi et al., 2007; The Bay Institute of San 
Francisco, 1998).  
Anthropogenic activities have long had an impact on the health of estuary ecosystems 
globally (Brar, Waggoner, Reyes, Fairey & Kelley, 2009; Davis, Hetzel, Oram & McKee, 
2007). Physical habitat alterations and extreme environmental phenomena due to global 
climate change have changed the Estuary’s water composition and nutrient availability, 
which has in turn impacted its biota (The Bay Institute of San Francisco, 1998). Since the 
1800s, the Estuary has suffered major anthropogenic impacts such as extreme 
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sedimentation as a result of hydraulic mining from the Gold Rush, loss of approximately 
85% of historic tidal wetlands to filling and diking, and the installation of dams, 
reservoirs, and canals which divert fresh water away from the Estuary (Cook, 2012; Mooi 
et al., 2007; The Bay Institute of San Francisco, 1998). Point source pollution has 
introduced effluent and chemicals such as polychlorinated biphenyls, pharmaceuticals 
and a range of pesticides, as well as heavy metals such as lead and mercury into the 
Estuary’s mudflats and waters (Davis et al., 2002; Klosterhaus, Yee, Sedlak, Wong & 
Sutton, 2013; Mooi et al., 2007; Russo, 1975). Non-point source pollution has impacted 
the Estuary in the form of urban runoff from increased urban development (Thompson et 
al., 2007), mercury runoff from closed cinnabar mines, and agricultural runoff from 
neighboring farmland (Rabalais, Turner, Diaz & Justic, 2009). In addition, the five-year 
prolonged California drought from 2012 to 2016 (United States Geological Survey, 
2018), competition from introduced non-native species, and over-fishing have resulted in 
the threatened or endangered status of many key native species in the San Francisco Bay 
(The Bay Institute of San Francisco, 1998). Species such as the coho Salmon 
(Oncorhynchus kisutch), rainbow trout (Oncorhynchus mykiss), delta smelt (Hypomesus 
transpacificus), and white sturgeon (Acipenser transmontanus), are native inhabitants of 
the Estuary and Delta region whose populations have declined drastically as the human 
population has increased (The Bay Institute of San Francisco, 1998).  
One key native and resident marine species of the San Francisco Bay is the leopard 
shark, which has recovered in recent years from overexploitation. Elasmobranch species, 
such as the leopard shark, are essential to marine ecosystems (Ackerman, 1971; Myers, 
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Baum, Shepherd, Powers & Peterson, 2007; Stevens, Bonfil, Dulvy & Walker, 2000; 
Webber & Cech, 1998), as they are a native predator which assists in maintaining the 
overall health of marine ecosystems (Bascompte, Melian & Sala, 2005; Kao, 2000; 
Russo, 1975; Talent, 1976). Without regulation from a top predator, lower trophic level 
organisms, such as benthic invertebrates and fish populations, can reach levels that can 
decimate an ecosystem through tropic cascades (Bornatowski, Navia, Braga, Abilhoa & 
Correa, 2014; Myers et al., 2007; Navia et al., 2012; Stevens et al., 2000).  
Populations of leopard sharks, and other elasmobranchs that regularly converge in the 
Estuary have experienced periodic die-off events. Starting in 1956, there have been 
reports of stranded, struggling, or dead leopard sharks and other elasmobranch species 
found on the shores throughout the Estuary. Retallack et al. (2018) identified the fish 
parasite, Miamiensis avidus (M. avidus), as the most likely cause of the recent 
elasmobranch die-off. An infection from M. avidus in fish results in disorientation and 
death as the parasite eats away at the brain tissue of its host (Harikrishnan et al., 2012). A 
more comprehensive understanding as to why elasmobranchs in the Estuary are 
particularly susceptible to this parasite is needed.  
Elasmobranch die-offs are concerning, especially when considering their status as a 
food web regulating predator. There has been little assessment of the long-term 
population status of leopard sharks in the Estuary, nor have the factors that might 
contribute to their population status been studied. Hobbs, Cook and Crain (2015) recently 
conducted a four-year study in the South San Francisco Estuary (SFE) and found that the 
abundance of leopard sharks is dependent on abiotic factors such as salinity and dissolved 
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oxygen, as well as habitat preference. Leopard sharks were more common in tidal 
sloughs and restored tidal ponds (Hobbs et al., 2015). However, this was a very short-
term study that focused on conditions in ponds undergoing restoration. An understanding 
of long-term leopard shark population changes and associated factors, especially in the 
face of climate change, could help managers understand the trajectory of this species in 
the Estuary for management and conservation.  
This research examined a long-term data set in the SFE that provided an index of the 
leopard shark population over time with the goal of providing information to policy 
makers, conservation groups, and the general public on the status of leopard sharks. This 
research investigated habitat variables that could impact leopard sharks in this region as 
global climate change continues to alter estuarine ecosystems at an increasingly rapid 
pace. Decision makers in regions where leopard sharks are present can use the results of 
this study to determine how to best protect elasmobranch species in the long term. This 
research project will contribute to the growing field of marine exploration, helping 
humans to better understand and be positively curious about the many wonders of marine 
ecosystems, as well encourage awareness of the repercussions already evident if the 
continued mistreatment of the planet’s waterways continues.  
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Literature Review  
 
Leopard Shark (Triakis semifasciata) Life History and Ecology 
Leopard sharks are marine vertebrates that belong to a class of fishes referred to as 
Chondrichthyes, which are cartilaginous fish (Castro, 1983; Wilga, Motta & Sanford, 
2007). They are further divided into a subclass of Chondrichthyes known as 
elasmobranchs (Barker, Nosal, Lewallen & Burton, 2015; Castro, 1983; Wilga et al., 
2007). Leopard sharks share this subclassification with rays, skates, and a variety of other 
shark species (Castro, 2011; Ebert, 1986; Wilga et al., 2007). Leopard sharks are one of 
eleven species of elasmobranchs that inhabit the Estuary and utilize it year-round (Self, 
2010).  
Leopard sharks are endemic to the Pacific coast along the western portion of the 
United States (Castro, 2011). They range from as far south as the Gulf of California, to 
Oregon, USA (Ackerman, 1971; Castro, 1983; Castro, 2011; Ebert, 2003; Smith and 
Abramson, 1990), although a male leopard shark was reported in Samish Bay off the 
coast of Washington, USA (Barker et al., 2015; Farrer, 2009). Leopard sharks are 
commonly found in cool shallow water, at a depth between 12 to 24 feet from April and 
October (Castro, 1983).  
Leopard sharks are schooling sharks that tend to congregate in a range of benthic 
habitats along the Pacific west coast including: bays, estuaries, sandy beaches, kelp 
forests, and sheltered coves (Ackerman, 1971; Castro, 1983; Russo, 1975; Smith, 2001). 
Recent work has revealed that they can also be found aggregating in open coastal waters, 
particularly in Southern California (Nosal et al., 2013). One factor that remains constant 
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in leopard shark habitat preference is temperature, as it is one of the leading abiotic 
factors that influences their distribution (Castro, 1983; Hopkins & Cech, 2003). 
Additional abiotic factors that influence leopard shark distribution are salinity, shelter 
from larger predators, and the concentration of dissolved oxygen (Desmond, Deutschman 
& Zedler, 2002; Ebert, 1986; Fish, Messineo & Hieb, 2011; Hight & Lowe, 2007; 
Hopkins & Cech, 2003; Mejia, Saiki & Takekawa, 2008; Miklos, Katzman & Cech, 
2003). Leopard shark habitats also tend to be nutrient-rich, which tends to promote a 
plentiful variety of food for sustenance (Carlisle, King, Cailliet & Brennan, 2007; Hight 
& Lowe, 2007). Leopard sharks are a benthic-foraging shark species that spend most of 
their time on or near the bottom of the water column (Barker et al., 2015; Castro, 1983; 
Russo, 1975). They are resourceful consumers that feed on variety of organisms 
depending on seasonality, size, and availability (Ackerman, 1971; Castro, 1983). Two 
independent stomach content analyses conducted by Russo (1975) and Kao (2000) 
revealed the most common food items frequently consumed by leopard sharks, which 
include: shrimp, crabs, fish (perch, anchovy, goby, sanddab), fish eggs (herring, smelt, 
plainfin midshipman), clam necks, worms (bristle worms and fat innkeeper worms), 
squid, eelgrass, and octopus. The amount and type of food varies in leopard shark 
populations depending on shark size, location, and prey availability (Ackerman, 1971; 
Kao, 2000).  
Leopard sharks are one of the most abundant elasmobranch species found within the 
Estuary (Ebert, 2003). Smith and Abramson (1990) conducted a 9-year study on the 
distribution of leopard sharks throughout the Estuary. Their results revealed that out of 
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101 individuals, 88% were recaptured within the confines of the Estuary, and 59% were 
recaptured in the SFE within the 9-year time span. In winter months, they disperse to 
deeper water or shallow regions within the Estuary as temperatures drop and salinity 
decreases (Hopkins & Cech, 2003; Talent, 1985). The Estuary provides first and 
secondary nursery habitat, food, shelter and protection from predators making it an 
integral habitat in the life history of this species (Russo, 2015; Russo, 2019).  
Population Status  
Elasmobranchs have adapted and thrived in coastal estuary environments over the 
course of 320 million years (Lund, 1990). Past research reveals that anthropogenic 
alterations to coastal estuaries, such as the Estuary, have transformed the ecosystem at a 
more rapid pace than many marine organisms can adapt, resulting in population declines 
due to anthropogenic contaminant exposure, overfishing, and coastal development (Davis 
et al., 2002; Ebert, 1986; Hight & Lowe 2007; Hopkins & Cech, 2003; Miklos et al., 
2003; Stewart, Luoma, Schlekat, Doblin & Hieb, 2004).  
Reported catch counts from annual shark derbies held from the 1940s to the 1990s in 
Elkhorn Slough, California and in the Estuary provided evaluations of the relative 
population status of leopard sharks in these regions during this time period (Carlisle et al., 
2007; Herald, 1953; Herald & Ripley, 1951). Herald and Ripley (1951) utilized catch 
records from the annual Coyote Point shark derbies and California Fish and Game to 
assess the population status of leopard sharks in the central and southern portions of the 
Estuary. Their findings indicated a sporadic presence of leopard sharks depending on the 
year. Leopard sharks were 13 percent of the catch in 1943, 46.3 percent of the catch in 
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1948, and 28.2 percent in 1950 (Herald & Ripley, 1951). Later, Smith and Abramson 
(1990) conducted a geographic distribution and stock replenishment assessment on 
leopard sharks in the Estuary from 1979-1988. They concluded that the population is 
largely residential with less that 10 percent venturing out the Estuary during fall and 
winter months, and that management of the species should involve a 100 cm size limit for 
fishing (Smith & Abramson, 1990). 
In Elkhorn Slough, the average overall catch and abundance of elasmobranchs 
declined from the 1980s to 1990s, most likely due to habitat alterations such as erosion, 
which results in decreased access to benthic organisms, a main food source (Carlisle et 
al., 2007; Kao, 2000; Russo, 1975; Talent, 1976). A 2011 leopard shark status and trends 
population study conducted in the Estuary showed a decline in the number of individuals 
since 1984 (Fish et al., 2011).  
As of 2006, recreational and commercial catch statistics indicate that management 
policies have maintained the leopard shark population (Smith & Horeczko, 2008). While 
leopard shark populations are not considered threatened, according to the International 
Union for Conservation of Nature and Natural Resources (IUCN) Red List of Threatened 
Species, their continued popularity as a sport fish, slow growth rate, late age of sexual 
maturity, and low reproduction rate are potential vulnerabilities to the stability of the 
leopard shark population (Barker et al., 2015; Carlisle et al., 2007; Smith & Abramson, 
1990). Although a three-animal bag limit and 36 inch (91.44 cm) total length (TL) size 
limit was been implemented in 1992 (California Department of Fish and Wildlife, 2019; 
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Smith & Horeczko, 2008), consistent monitoring of the population and proper stock 
assessments are needed to prevent overexploitation of the fishery.  
Genetic Variation 
Genetic variation within a species is an essential component of its survival. Genetic 
variation is responsible for the characteristics that make an individual species unique, but 
most importantly as it relates to this study, genetic variation can explain why some 
individuals or populations are more susceptible than others to biological threats (Barker 
et al., 2015; Lewallen & Anderson, 2007). Research on the genetic connectivity between 
different leopard shark populations along the Pacific west coast revealed that while 
leopard sharks do tend to practice natal philopatry, some subpopulations of leopard 
sharks are genetically distinct from one another, which hints that both stationary and 
migratory leopard shark populations exists (Barker et al., 2015; Lewallen & Anderson, 
2007; Smith & Abramson, 1990). Barker et al. (2015) argue that genetic isolation from 
other leopard shark populations leaves the isolated population susceptible to decline due 
to a lack in genetic variation.  
In addition, Lewallen and Anderson (2007) revealed that leopard sharks innately have 
little genetic variation, most likely due to the slow development rate of their 
mitochondrial DNA (mtDNA). Through the process of reproduction, more favorable 
characteristics are passed on to offspring, resulting in an overall more genetically tough 
individual with the ability to adapt to an ever-changing environment.  
Size and Reproduction 
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The maximum size of an individual was recorded at 198.1 cm (6.49 ft) total length 
(TL), although a leopard shark greater than 145.0 cm (4.76 ft) has not been recorded 
since Miller and Lea’s published guide to Coastal Marine Fishes (Miller and Lea, 1972). 
Female leopard sharks grow larger than males over time (Castro, 1983; Kusher, Smith & 
Cailliet, 1992). Female leopard sharks reach sexual maturity between 10 to 15 years of 
age (105 cm TL to 135 cm TL) (Ackerman, 1971; Kusher et al., 1992), with a gestation 
period between 10 and 12 months (Ackerman, 1971; Kusher et al., 1992). Females 
produce between 7 to 36 pups, with an increase in the number of pups with age 
(Ackerman, 1971; Ebert & Ebert, 2005). Males reach maturity between 7 and 13 years of 
age (100 cm TL to 105 cm TL) (Kusher et al., 1992).  
Females are ovoviviparous, retaining their young throughout the entire gestation 
period (Ackerman, 1971; Smith & Horeczko, 2008). At birth, juvenile leopard sharks are 
between 17 cm (6.69 in) and 20 cm (7.87 in) (Ackerman, 1971; Ebert & Ebert, 2005; 
Kusher et al., 1992). Males have an average lifespan of at least 24 years, and reach an 
approximate length of 149.86 cm (59 in), while females live, on average, 20 years 
reaching an approximate length of 180.34 cm (71 in) (Smith & Horeczko, 2007).  
The popularity of leopard sharks as a sportfish, their low genetic variability, slow 
reproduction rate, and long gestation period makes them susceptible as a species to 
overexploitation (Ackerman, 1971; Barker et al., 2015). Further research is needed to 
assess the population status of less genetically diverse leopard shark populations, 
especially in potential resident populations where genetic variations are less frequent and 
therefore may pose a potential threat to the survival of that distinct subpopulation. 
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Abiotic Factors  
Abiotic factors such as temperature, salinity, and dissolved oxygen play a major role 
in the survival of leopard sharks (Dowd, Harris, Cech & Kultz, 2010; Hopkins & Cech, 
2003). Leopard sharks are ectothermic and therefore rely on temperature to maintain 
physiological internal processes such as metabolic processing and reproduction (Dowd et 
al., 2010; Hopkins & Cech, 2003). Hopkins and Cech (2003) found that temperature and 
salinity levels determined the movement patterns of leopard shark populations in 
Tomales Bay and as salinity levels decreased, leopard sharks moved out of Tomales Bay 
into the open ocean.  
Temperature also plays a role in the oxygen consumption of leopard sharks (Miklos et 
al., 2003). As their core temperature increased, leopard sharks were able to more 
efficiently metabolize their food, helping to explain why leopard sharks congregate near 
the shore during high tide as they forage for benthic invertebrates, usually during the 
warmest part of the day (Miklos et al., 2003).  
Dowd et al. (2010) found that leopard sharks tend to congregate in areas of the ocean 
where salinity levels are above 18 parts per thousand (ppt). When salinity levels drop 
below 18 ppt conditions become more challenging for the sharks to survive and they are 
forced to compensate for the decline in salinity with a change in physiological and 
metabolic processes (Hopkins & Cech, 2003).  
Elasmobranch Die-offs 
Multiple elasmobranch die-offs have been reported since 1967. In 1968, Russo and 
Herald (1968) published a review of a significant elasmobranch die-off that occurred 
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between July and August 1967. More than 725 elasmobranchs were found dead or 
disoriented from the Alameda Beach Recreational Area to the shores of the Golden Gate 
Park in San Francisco (Russo & Herald, 1968). Russo and Herald (1968) suggested that 
the mass elasmobranch die-off was caused by the release of a toxic contaminant, which 
caused a similar die-off of striped bass in the same region ten years earlier. In 
collaboration with the Environmental Protection Agency (EPA) in 1969, Russo collected 
five liver samples from two species of shark species native to the Estuary, leopard sharks 
and brown smoothhound sharks, to test for the presence of PCBs and chlorinated 
hydrocarbons. His findings revealed that leopard shark livers contained a significantly 
higher concentration of PCBs (46.9 ppm to 22.5 ppm) and chlorinated hydrocarbons 
(108.2 ppm to 36.9 ppm) compared to those of the brown smoothhound sharks. Although 
a threshold for contamination had not yet been established by the EPA (Russo, 1975), 
additional studies confirmed Russo’s findings, prompting the introduction of policies 
aimed at reducing contaminants in the Estuary. While a 1957 striped bass die-off was 
caused by a leak of toxic contaminants that flowed into the Estuary from a nearby 
manufacturing plant, there was no conclusive evidence to suggest that the 1967 
elasmobranch die-off was linked to toxic leakage (Herald & Russo, 1968; Russo, 2015). 
Herald and Russo (1968) also discussed another possible source of toxic contamination 
that may have come from Naval aircraft carriers docked at the Alameda Naval Station, 
but no conclusive evidence could confirm or refute this hypothesis.  
Between May and September 1982, eighty elasmobranchs, including twenty-nine 
leopard sharks, were found dead or dying on the coast of Alameda’s Robert Crown 
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Memorial State Beach (Russo, 2015). In the spring of 2006 multiple dead and dying 
elasmobranchs were found along the shores of the South and Central Bay following 
heavy spring rains (Simons, 2017a). From April to July 2011 leopard sharks and bat rays 
(Myliobatis californica) again were found dead or dying on the shores throughout the 
South and Central Bay, with some deceased leopard sharks found near tide gates 
following heavy spring rainfall after a dry winter (Fish et al., 2011; Simons, 2017b). The 
cause of the elasmobranch die-offs was routinely undetermined, but several hypotheses 
were suggested including salinity, temperature, dissolved oxygen levels, and contaminant 
concentrations. 
The most recent recording of an elasmobranch die-off occurred in 2017 in the 
Estuary. Similar to previous die-offs in the region, dead and disoriented elasmobranchs 
were found along the shores from February to July (Simons, 2017b). An estimated 1,000 
elasmobranch species fell victim to this most recent die-off (Simons, 2017a). Pathologist 
Mark Okihiro with the California Department of Fish and Wildlife extracted cerebral 
fluid from several dead sharks in the Estuary, which was then sent to the lab of Joseph 
DeRisi at the University of California, San Francisco where it was analyzed by Hanna 
Retallack and intern Elliot Britton (Retallack, Okihiro, Britton, Sommeran and DeRisi, 
2018; Simons, 2017a). Retallack and Britton determined that the 2017 elasmobranch die-
off was most likely caused by a ciliate protozoan known as Miamiensis avidus (M. 
avidus), a fish parasite (Retallack et al., 2018; Simons, 2017a). Using a polymerase chain 
reaction (PCR) genetic sequencing technique, M. avidus DNA was found in all of the 
dead leopard sharks sampled (Retallack et al., 2018; Simons, 2017a). In addition, 
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common symptoms such as disorientation, death, brain hemorrhaging, ulcers, and 
discoloration of surface tissue were all characteristics of infection by M. avidus 
(Harikrishnan et al., 2012; Jung, Shin-Ichi, Song & Oh, 2007; Woo & Buchmann, 2012).  
Studies on farmed fish whose populations have been decimated by M. avidus in South 
Korea and Japan provide useful information on the infection process of this ciliate 
protozoan. Jung et al. (2007) focused on the process of infection of olive flounder when 
exposed to M. avidus under laboratory settings. This study also revealed that M. avidus 
enters the host through the skin and/or gills directly from seawater and spreads via blood 
throughout the organism. Once M. avidus has entered its host it consumes host cells and 
body fluids and then spreads to internal organs, such as the brain, as seen in infected 
elasmobranchs from the Estuary (Jung et al., 2007). Because M. avidus can enter its host 
via skin contact, flat fish such as olive flounder are more susceptible to rapid 
transmission of the infection because they spend a significant amount of their life 
stationary, stacked on top of each other at the bottom of the water column (Jung et al., 
2007).  
Leopards sharks, like olive flounder, tend to congregate in schools as opposed to 
leading isolated lives. In addition, the leopard shark population in the Estuary is likely a 
resident subpopulation that does not often stray far from the Bay Area (Barker et al., 
2015; Lewallen & Anderson, 2007; Smith, 2001). The parasite M. avidus has been linked 
to the most recent leopard shark die-off, but additional research is needed to confirm 
whether M. avidus is also responsible for previous elasmobranch die-off dating back to 
1967. A more comprehensive understanding as to why, when, and how this fish parasite 
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infects elasmobranchs is needed in order to implement management policies that can 
effectively prevent future die-offs.  
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Problem Statement 
Leopard sharks (Triakis semifasciata) play a significant role in the health of the 
Estuary ecosystem (Barker et al., 2015; Lewallen & Anderson, 2007; Stewart et al., 
2004). As a native predator, leopard sharks assist in maintaining the balance between 
predator and prey (Barker et al., 2015; Bascompte et al., 2005; Lewallen & Anderson, 
2007; Stewart et al., 2004). Fishing pressure, exposure to anthropogenic contaminants, 
urban development, and abiotic fluctuations due to climate change in the Estuary have the 
potential to threaten the population of leopard sharks, which can in turn result in an 
ecosystem imbalance (Cohen, 2001; Gunther et al., 2011; Russo, 1975; Stewart et al., 
2004; Thompson et al., 2007).  
There is little information on long-term population trends of leopard sharks in the 
Estuary.  This study was designed to: (1) quantify the relative abundance of leopard 
sharks in the SFE 1998 to 2017; (2) evaluate salinity, precipitation, and water 
temperature in the SFE; and (3) assess the relationship between a number of estuarine 
abiotic factors and leopard shark relative abundance at the study site. I hypothesized that 
the relative abundance of leopard sharks had changed in response to abiotic conditions, 
especially water salinity and temperature, during the study period. I used these 
hypotheses and this research question to address these objectives:  
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Research Question and Hypotheses 
H01: The relative abundance of leopard sharks has not changed over time as determined 
by the catch-per-unit-effort index.   
H02: The relative abundance of leopard sharks did not vary daily, monthly, or seasonally 
in the Estuary.  
H03: Abiotic conditions, including water salinity, water temperature, and precipitation 
has not changed over time.  
H04: There is no relationship between salinity and water temperature on leopard shark 
relative abundance during summer months in the Estuary.  
Research Question 1. Does the pattern of major leopard shark die-offs seem to match the 
pattern of change in salinity? 
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Methods 
Study Site  
Data for this study were collected in the Estuary, in the region below the San Mateo 
Bridge (Figure 1).   
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Figure 1. Map showing the four divisions of the Estuary south of the Delta: Suisun Bay, 
San Pablo Bay, Central Bay, and the South Bay.  
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Due to its geographic distance from primary sources of fresh water (from the Delta), 
the SFE is, on average, shallower, warmer, and has a higher salinity when compared to 
the central and northern sections of the Estuary (Cohen, 2001) (Figure 1). The water 
temperature in Redwood City, CA, which is located in the southern portion of the 
Estuary, ranges from 16° C - 21° C (Cohen, 2001). Salinity ranges from 15 to 36 parts 
per thousand (ppt) (Cohen, 2001). The California Department of Fish and Game and the 
National Oceanic and Atmospheric Administration regulate the Estuary.  
Data Collection  
Catch-per-unit-effort (CPUE), to develop an index of relative abundance of leopard 
sharks in the Estuary from 1998 to 2017, was provided by the Marine Science Institute 
(MSI). Leopard sharks were collected by the Marine Science Institute’s research vessel, 
the Robert G. Brownlee, a 90-foot research vessel designed for the conditions of the 
Estuary (Figure 2). The vessel was put into operation in 1998 with the sole purpose of 
operating as an educational research vessel. It can accommodate a maximum of 70 
passengers. Leopard sharks were captured during educational programs titled Discovery 
Voyages and Eco Voyages. During Discovery Voyages and Eco Voyages, trained 
instructors guide students through a four-hour intensive marine science curriculum 
aboard the research vessel, in addition to collecting and recording species data. Discovery 
Voyages embark twice daily Monday to Friday between the hours of 8 AM and 5 PM. 
Eco Voyages embark on intermittent Saturdays between 9 AM and 12 PM. During the 
year of 2017, I was employed by the Marine Science Institute as an instructor and 
assisted in species data collection onboard the vessel. 
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Figure 2. The Marine Science Institute’s research vessel, the Robert G. Brownlee, which 
was the primary means for data collection, heading east on Redwood Creek. Reprinted 
with permission from the Marine Science Institute (Marine Science Institute, 2019).  
 
Between 1998 and 2017, data collection occurred on the research vessel Robert G. 
Brownlee primarily between coordinates 37.5048° N, 122.1204° W, the Dumbarton 
Bridge, and 37.5907° N, -122.2429° W, the San Mateo-Hayward Bridge. Data collection 
took place Monday through Friday, between 08:00 and 17:00. Leopard shark catch data 
analyzed for this study were collected from January to December.   
The otter trawl used aboard the Marine Science Institute’s vessel to capture marine 
species is equipped with two wooden otter boards, which are attached at the end of each 
60-foot warp. The wooden otter board function to keep the net horizontally open. When 
trawling, the speed of the vessel was between 2 to 3 knots and was in tow for 5 to 12 
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minutes depending on the length of the program. The slow speed and short trawl time 
were intended to reduce the occurrence of injuries to the animals and to prevent the trawl 
from dragging exclusively along the bottom (Captain Jackson, in correspondence).  
The Captain recorded the start and end coordinates for each trawling session in 
degrees, decimal, minute (DDM). This study spatially analyzed catch data and trawling 
locations recorded during the months of April to August of 2017 for visual purposes. 
DDM coordinates were converted to decimal degrees (DD) before they could be input 
into ArcGIS. DDM coordinates were converted using Microsoft Excel.  
Degrees (d) values were separated from the decimal and minutes (DM) values and 
placed into two separate columns, one column for degrees values and one column for the 
decimal and minute values. A period was then placed between the decimal and minute 
coordinates. A negative sign was placed before all longitude coordinates in compliance 
with the requirements defined by the WGS84 coordinate reference system used in 
ArcGIS. DD was calculated in a new column using the formula below:  𝐷𝐷 = 𝑑 + (𝐷𝑀/60) 
The trawl was submerged at the stern of the Brownlee between five to ten minutes 
before being drawn in. Once the otter trawl was pulled in, captured marine species were 
identified, measured to the nearest centimeter, and then released (Figure 3, 4 and 5).  
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Figure 3. The otter trawl in tow off the stern of the Robert G. Brownlee. Reprinted with 
permission from the Marine Science Institute (Marine Science Institute, 2019).  
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Figure 4. Photo of the holding tanks onboard the Robert G. Brownlee filled continuously 
with water from the Estuary, which holds captured marine species (Marine Science 
Institute, 2019.   
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Figure 5. A leopard shark being measured in the port side holding tank onboard the 
Robert G. Brownlee by two Marine Science Institute instructors. Reprinted with 
permission from the Marine Science Institute (Marine Science Institute, 2019).  
 
CPUE was calculated to analyze leopard shark relative abundance in the Estuary from 
1998 to 2017. CPUE was defined as the total number of leopard sharks caught per day 
over the total hours trawled per day:  
𝐶𝑃𝑈𝐸 = Σ	  𝑛𝑢𝑚𝑏𝑒𝑟	  𝑜𝑓	  𝑠ℎ𝑎𝑟𝑘𝑠	  𝑐𝑎𝑢𝑔ℎ𝑡Σ	  𝑡𝑜𝑡𝑎𝑙	  𝑡𝑟𝑎𝑤𝑙	  𝑡𝑖𝑚𝑒	   ℎ𝑜𝑢𝑟𝑠  
Salinity and water temperature data were collected by the USGS from Redwood 
Creek, sample station 30, located at 37.5550°N, -122.1900°W (Schraga, Nejad, Martin & 
Cloern, 2018) (Figure 6). Salinity and water temperature data were analyzed between the 
years of 1998 and 2017. The depth at this site at mean low water is 12.8 meters. Abiotic 
   26 
data was measured in 1-meter increments from 1 to 13 meters at this location. Hydrology 
measurements at each depth did not vary considerably; therefore the average including 
measurements at all depths was analyzed in this study. Additional abiotic data is available 
to the public on their website (https://sfbay.wr.usgs.gov/access/wqdata/query/easy.html).  
 
Figure 6. United States Geological Survey water quality sampling stations in the Estuary 
(R = river). Reprinted with permission from the United States Geological Survey 
(Schraga et al. 2018).  
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Precipitation data for San Jose, California was collected from the National Oceanic 
and Atmospheric Administration’s website (National Weather Service Forecast Office 
n.d.). Abiotic environmental data, including daily and monthly precipitation records, 
were publicly available on their website 
(https://w2.weather.gov/climate/xmacis.php?wfo=mtr). The San Jose precipitation 
marker chosen for this project was located within the closest proximity to MSI’s trawling 
locations (Figure 7). 
 
 
Figure 7. National Oceanic and Atmospheric Administration climatology sampling 
locations indicated by pushpins. The arrow indicates the sampling station where 
precipitation readings were collected for this study. Reprinted with permission from the 
National Weather Service Forecast Office (National Weather Service Forecast Office 
n.d.).  
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It is important to note these limitations of the methods. First, and most importantly, 
the locations for trawling were not random. The vessel traveled to locations throughout 
the Bay deemed by the Captain to be safe, and to general locations set by boat manager. 
Trawling tended to occur within the deep water channel between the San Mateo-Hayward 
and Dumbarton Bridge (Figure 1). Thus, shallower sites were not well represented. 
Second, the slow speed of the boat may have resulted in lower catch counts, but since this 
project was analyzing an index these limitations do not invalidate the results of this study. 
Finally, the dates for trawling were not randomly selected and most were in the summer. 
However, there were many hundreds of trips over the study period that provided a good 
characterization of both summer and winter seasons. In sum, the data collected were 
especially reflective of leopard shark abundance in deeper South Bay habitats.  
Data Analysis 
Data were analyzed using IBM SPSS Statistics Version 25. All independent variables 
(salinity, water temperature, and precipitation) were assessed for significant correlations 
with each other in order to remove redundant variables. For this study, summer was 
defined as April to August and winter was defined as December to March. 
The relative abundance of leopard shark captures, as determined by CPUE, was used 
as the dependent variable in regression and non-parametric analyses of variance tests with 
all non-correlated independent variables. All variables were assessed for normality and 
homogeneity of variances, as appropriate.  
   29 
CPUE. For all instances in which leopard shark CPUE was analyzed in this study, 
CPUE was defined as the total number of leopard sharks caught per day over the total 
hours trawled per day:  
𝐶𝑃𝑈𝐸 = Σ	  𝑛𝑢𝑚𝑏𝑒𝑟	  𝑜𝑓	  𝑠ℎ𝑎𝑟𝑘𝑠	  𝑐𝑎𝑢𝑔ℎ𝑡Σ	  𝑡𝑜𝑡𝑎𝑙	  𝑡𝑟𝑎𝑤𝑙	  𝑡𝑖𝑚𝑒	   ℎ𝑜𝑢𝑟𝑠  
 
The daily CPUE data set was not normal; therefore, the Spearman’s rank 
order correlation test was performed to determine if there was a change in CPUE over 
time. Extreme values were removed from the daily CPUE data set before statistical 
analysis.  
To test variation in leopard shark CPUE between months over the study period, the 
mean CPUE was calculated for each month of the year (January to December) and 
analyzed using the independent samples Kruskal-Wallis H test. A Mann-Whitney U test 
was run to compare CPUE between months that indicated similar CPUE mean values 
over time.  
A Kruskal-Wallis H test was run to test interannual variation in CPUE using the daily 
CPUE data set. A post hoc pairwise test indicated years in which variation in CPUE was 
present.  
To assess whether leopard shark presence changed significantly over time, the 
average of the average CPUE was calculated for each month. This measure was used to 
reduce variability and the influence of extreme values. Using these data, a regression test 
was run to test whether the annual mean leopard shark CPUE during summer months 
(April through August) varied significantly between 1998 and 2017.  
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Analysis of environmental conditions in the SFE. The average salinity, measured 
in practical salinity units (psu), by year during summer and winter months was calculated 
and used as independent variables in regression analyses to determine significant 
correlations over time.  
The average temperature (°C) in the southern portion of the Estuary was calculated 
for both summer and winter months from 1998 to 2017 following the same procedure as 
the salinity calculations in this study. The average of the average temperature by year 
(1998 to 2017) in winter and summer months was calculated and were used as 
independent variables in regression analyses against year to determine correlation.  
Annual precipitation (millimeters) was calculated from 1998 to 2017 and used as an 
independent variable in regression analyses against year to determine correlation. These 
data were used to visually analyze whether a relationship existed between annual 
precipitation and leopard shark CPUE.  
Lastly, two separate regression tests were run to determine whether summer salinity 
and summer water temperature had an effect on leopard shark abundance during summer 
months. Additionally, a univariate analysis of variance was run to analyze leopard shark 
CPUE acquired during summer months from 1998 to 2017 using salinity as a covariate. 
The average of the average CPUE was calculated to run these tests using catch data from 
summer months between 1998 and 2017. Salinity data used in this analysis were 
calculated in the same manner.  
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Results 
Leopard sharks were collected between 1998 and 2017 with a total of 155 hours (M = 
7.78, SE = 1.25, Range = 22.67) of sampling using an otter trawl. A total of 303 females 
with a mean size of 509.8 mm (SE = 42.36, Range = 3340) and 420 males with a mean 
size 615.82 mm (SE = 22.23, Range = 947.5) were analyzed. There was a strong positive 
correlation between leopard shark CPUE and year, which showed a slight but detectable 
increase in relative abundance over time (rs(488) = 0.233, p < 0.001) (Figure 8).  
 
Figure 8. Scatterplot showing daily CPUE of leopard sharks captured between 1998 and 
2017 by the Marine Science Institute.  
 
The distribution of leopard sharks significantly varied between some months, H(11) 
= 19.82, p = 0.048). A post hoc pairwise comparison revealed significant differences 
between: January and May (p = 0.007), January and June (p = 0.035), January and July (p 
= 0.041), December and May (p = 0.006), October and May (p = 0.004), October and 
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June (p = 0.044), and March and May (p = 0.020) (Figure 9). Further analysis of CPUE 
variation between the months of April to August indicated a slight measurable difference 
between April and May (U = 3770.5, p = 0.046), but overall the median CPUE in spring 
and summer months was higher than the median CPUE in fall and winter months (Table 
1).  
Table 1. Mean leopard shark CPUE values by month calculated using daily CPUE data 
from the Marine Science Institute's index from 1998 to 2017.  
Month Mean SD N 
January 4.5 1.225 6 
February 6.25 3.535 10 
March 6.34 3.919 56 
April 6.38 3.345 94 
May 7.62 4.509 96 
June 7.11 3.63 68 
July 7.09 4.523 69 
August 7.31 3.878 26 
September 6.48 3.37 7 
October 6.61 3.849 27 
November 6.22 3.145 16 
December 5.55 1.769 11 
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Figure 9. Leopard shark mean CPUE values evaluated by month from 1998 to 2017. 
Means with different letters are significantly different. N=sample size analyzed annually. 
Whiskers running from each box represent minimum and maximum values. Unfilled 
circles represent suspected outliers. Asterisks represent extreme outliers.   
  
An analysis of annual catch data using data accumulated from April to August of each 
year during the study period indicated interannual variation in CPUE between many 
years, (H = 45.22, p = 0.001) (Figure 10) (Appendix). The annual mean CPUE was 
lowest for the years 2006 (M = 5.369, SE = 1.022), 2007 (M = 5.480, SE = 1.251), and 
2010 (M = 4.372, SE = 1.193), and highest for the years 2008 (M = 8.286, SE = 1.057), 
2015 (M = 8.304, SE = 0.748), and 2016 (M = 8.993, SE = 0.825).   
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Figure 10. April to August leopard shark CPUE results from Kruskal-Wallis test on 
variation between years. Numbers in parentheses below each year represents the sample 
size analyzed per year. Whiskers running from each box represent minimum and 
maximum values. Unfilled circles represent suspected outliers. Asterisks represent 
extreme outliers.  
 
Despite differences between years, there was no trend over time in the average CPUE 
when analyzed annually using the months of April to August over the study period, (r2 = 
0.026, F(1,18) = 0.479, p = 0.498) (Figure 11).  
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Figure 11. Scatterplot showing results from a regression test, which analyzed annual 
mean leopard shark CPUE from 1998 to 2017 using data from the months of April to 
August.    
 
Total annual precipitation tended to decline during the study period (R2 = 0.155, 
F(1,19) = 3.475, p = 0.078) (Figure 12).  
The average salinity for the months of April to August during the study period 
showed no trend over time (R2 = 0.136, F(1,18) = 2.85, p = 0.108) (Figure 12). Salinity 
was lowest in the years 1998, 2006, 2011, and 2017 (salinity ≤ 22 psu) and highest in the 
years 2014 and 2016 (salinity ≥ 30 psu).  
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Figure 12. Annual salinity averages for the months of April to August from 1998 to 2017 
obtained from USGS station 30 in the SFE. Annual rainfall (in millimeters) for San Jose, 
CA provided by the National Weather Service Forecast Office.  
 
The average water temperature between the months of April to August from 1998 to 
2017 increased slightly over time (R2 = 0.271, F(1,18) = 6.715, p = 0.018) (Figure 13). 
The annual average water temperature was lowest in the year 1999 (16.01 ºC) and highest 
in the year 2009 (20.88 ºC).  
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The annual average winter (December to March) water temperature was more 
variable and showed a tendency toward a slight increase over time (R2 = 0.154, F(1,18) = 
3.269, p = 0.087). Winter water temperature was lowest in 1999 and 2002 (temperature ≤ 
11.50 ºC) and was highest in 2003 and 2017 (temperature ≥ 12.60 ºC) (Figure 13).  
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Figure 13. Annual (April to August) water temperature averages from 1998 to 2017 
obtained from USGS station 30 in the SFE. Annual winter (December to March) water 
temperature from 1998 to 2017 obtained from USGS station 30 in the SFE. 
 
There was no statistical relationship between the annual average summer CPUE and 
summer salinity (R2 = 0.092, F(1,18) = 1.826, p = 0.193). There was no relationship 
between the annual average summer CPUE and summer water temperature (R2 = 0.0002, 
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F(1,18) = 0.005, p = 0.946). CPUE tended to decrease as salinity decreased during 
summer months (F(1,4) = 3.486, p = 0.066) (Figure 14).    
Figure 14. Scatterplot illustrating the trend in leopard shark CPUE (squares) and salinity 
(circles) using data from the months of April to August between 1998 and 2017.  
 
Figure 15 provides a visual on the location of leopard sharks captured in 2017 during 
the parturition and breeding season at the study site.   
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Figure 15. A map showing individual leopard sharks captured in the SFE by the Marine 
Science Institute between April and August of 2017. The average salinity (psu) for the 
months of April to August is also included.   
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Discussion 
A primary goal of this study was to assess the population trend for leopard sharks in 
the SFE. Data from 1998 to 2017 indicated that the abundance of leopard sharks in the 
SFE has remained relatively stable over this period despite significant interannual 
variability in CPUE, a rise in spring and summer water temperatures over time, and 
variable salinity conditions (between 20-30 psu). These data were reflective of leopard 
shark abundance in the deep water channel in the SFE. Since trawling locations were 
determined by the captain and dependent on the tide, weather conditions, and length of 
the educational program, data collection was limited to this particular region of the 
Estuary.   
As partially euryhaline organisms, leopard sharks can tolerate a wide range of salinity 
and temperature differences compared to other elasmobranch species (Carlisle & Starr, 
2009; Hopkins & Cech, 2003; Smith & Abramson, 1990). As abiotic elements change 
with the seasons throughout the year, leopard sharks follow water conditions that are 
most favorable for survival, which includes regions with salinity levels above 18 psu and 
temperatures greater than 10º C (Hopkins & Cech, 2003). Over the 20-year study period, 
the SFE typically provided these conditions that support leopard sharks. 
This study found a greater relative abundance of sharks in the SFE during the months 
of April through August compared to winter months, December through March. Studies 
show that the Estuary provides a variety of favorable habitats that serve as parturition, 
breeding, and nursery areas in addition to an abundance of prey availability (Russo, 
2019). Leopard sharks are especially abundant in shallow, warm water within the Estuary 
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during spring and summer months (Hight & Lowe, 2007; Nosal et al., 2013; Russo, 
2019), which is likely because they venture to this region of the Estuary during late 
spring and early summer to pup (Fish et al., 2011; Hobbs et al., 2015; Nosal et al., 2013). 
They can be found from deep water channels to shallow habitats along the shores of the 
Estuary depending on factors such as salinity and water temperature throughout the year 
(Hobbs et al., 2015; Hopkins & Cech, 2003; Smith & Horeczko, 2007). Analysis of 
CPUE from this study showed congruence with other analyses involving migration 
patterns of leopard sharks during spring and summer months in similar estuarine 
environments along the Pacific west coast (Carlisle & Starr, 2009; Hopkins & Cech, 
2003; Smith & Abramson, 1990). 
Compared with other bays and estuaries where leopard sharks typically congregate 
only seasonally, the Estuary is particularly notable because of its suggested partially 
resident population, which remains within the confines of the Estuary year-round (Russo, 
2019; Smith, 2001). Leopard sharks were captured perennially by the Marine Science 
Institute in the SFE, which further supports the contention that some sharks remain in the 
Bay throughout the year rather than migrating out as conditions change with the seasons. 
If and when individuals do leave, they tend to travel to estuaries and bays with similar 
habitats between Elkhorn Slough and Humboldt Bay rather than to regions south of 
Monterey, CA (Barker et al., 2015; Smith & Abramson, 1990).  
Why some sharks remain in the Estuary and others do not is not fully understood. In 
neighboring Elkhorn Slough, Talent (1985) and Carlisle et al. (2007) found that larger 
sharks (>100 cm) were more abundant in the winter and spring, with both large and small 
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sharks showing similar abundance during the summer and fall. Though size was not 
statistically analyzed in this study due to a lack of consistent data over the study period, a 
majority of leopard sharks caught by the Marine Science Institute during the study period 
had an overall total length less than 100 cm, indicative of younger animals (Ackerman, 
1971; Kusher et al., 1992). It should be noted that the trawl method used to capture 
sharks for this study may have resulted in catching animals of a smaller or even larger 
size, yet the overall small size of sharks captured over the study period may indicate that 
the juvenile shark population utilizes the SFE year-round.  
Leopard sharks tend to form schools of similar size and sex (Barker et al., 2015; 
Lewallen & Anderson, 2007; Smith, 2001). While the sex of leopard sharks was not 
statistically analyzed in this study, visual observation of the data set indicated a greater 
number of males compared to females captured over the study period. A total of 420 
males and 303 females were captured between 1998 and 2017. Future studies could 
analyze the sex distribution of these sharks in this particular region of the Estuary in both 
the deep water channel and the shallow regions.  
Leopard shark populations during summer months varied greatly between years at the 
study site, especially in two notable die-off years, 2006 and 2011. Shark movement in 
and out of the SFE could be a partial explanation. However, while seasonal migrations of 
leopard sharks in and out of bay and estuarine habitats are mentioned in numerous 
studies, many of the sharks observed in these studies tended to show site fidelity, 
indicating that they should return in similar abundances each year (Barker et al., 2015; 
Carlisle & Starr, 2009; Ebert & Ebert, 2005; Nosal et al., 2013). Additional research 
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suggests that minimal population exchange occurs between the northern and southern 
California stocks, with the dividing line between these stocks being Elkhorn Slough 
(Lewallen & Anderson, 2007; Smith, 2001). Site fidelity and minimal population 
exchange between northern and southern California leopard shark stocks suggest that 
alternate variables are influencing leopard shark population fluctuations between years.  
Data gathered over a period of 20 years indicated an increase in summer (April to 
August) water temperature and a decrease in annual precipitation. Warmer water holds 
less oxygen, as does water with higher salinities. Dissolved oxygen is one important 
abiotic factor that determines the distribution of leopard sharks in their distinct habitats 
(Desmond et al., 2002; Ebert, 1986; Fish et al., 2011; Hight & Lowe, 2007; Hopkins & 
Cech, 2003; Mejia et al., 2008; Miklos et al., 2003). The combination of these 
hydrological conditions may discourage the migration of leopard sharks into the Estuary, 
which may partially explain variation in CPUE between years.  
Mass die-offs also show populations are strongly affected by local demographic 
factors that could be driven by environmental conditions. Salinity is a critical 
environmental variable for leopard sharks and declines in annual CPUE appeared to 
coincide with declines in salinity during the parturition and breeding seasons. In the deep 
water channel where abiotic data was collected for this study, salinity measurements 
during the spring and summer months of years in which die-offs occurred were recorded 
at or below 23.0 psu. Dowd et al. (2010) determined water salinities at 80% of seawater 
(≤ 27.6 psu) were enough to cause leopard shark cells to go into osmotic stress, in 
addition to experiencing an increase in urea loss (Dowd et al., 2010). While partially 
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euryhaline sharks such as the leopard shark have adapted to withstand a range of 
salinities in estuarine environments, exposure to lower salinities over a long period of 
time have the potential to cause physiological harm to the organism or may leave it 
vulnerable to infection. Future studies could more closely analyze the relationship 
between salinity and leopard shark abundance by collecting data from both the deep 
water and shallow regions of the Estuary. 
M. avidus is the ciliate protozoan shown to be proximally responsible for the 
elasmobranch die-off in the San Francisco Bay in 2011. It lives in seawater and enters its 
host through the skin and/or gills where it then spreads throughout its host through the 
bloodstream ultimately leading to the death of its victim (Jung et al., 2007; Retallack et 
al., 2018). Because leopard sharks tend to form schools of similar sex and age (Barker et 
al., 2015; Lewallen & Anderson, 2007; Smith, 2001), they are susceptible to infection 
from M. avidus, which favors schooling fish (Jung et al., 2007). When abiotic 
environmental conditions become unfavorable and/or sharks are unable to evade 
changing conditions, overcompensating to maintain physiological processes may result in 
episodes of fatalities. No mention of mass die-offs involving elasmobranchs have been 
reported in neighboring Bays or estuaries that are frequented by elasmobranch species 
(per communications with Dr. Okihiro). This may indicate that M. avidus is not being 
transmitted to other populations, possibly due to the theory that the leopard shark 
population in the Estuary is largely residential. This may be because the infected sharks 
die before they travel to other locations outside of the Estuary, or this may provide further 
evidence that the Estuary leopard shark population is genetically distinct from other 
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subpopulations and particularly vulnerable to the ciliate protozoan responsible for the 
2017 die-off.    
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Recommendations 
The Estuary is the largest estuary available to leopard sharks within their range and 
hosts a variety of favorable habitats that serve as first and secondary nurseries, parturition 
and breeding sites, as well as perennial residences (Russo, 2019). While estuarine 
environments are prone to interannual fluctuations in salinity and water temperature, 
extreme fluctuations can result in the dispersal and/or die-off of leopard sharks, which 
can have cascading effects on other trophic levels. Given the connection between low 
salinity and leopard shark die-offs, a continuation of the size limit on catches, and a 
potential no take, especially during the parturition and breeding season following heavy 
winter rains is recommended to avoid contributing to population losses that may occur 
due to environmental conditions. Future studies could analyze environmental variables, 
food abundance, and habitat preferences that attract these juvenile sharks to this region of 
the Estuary, providing biologists and policy makers with useful data that could lead to the 
implementation of further protections for key native species in this section of the Estuary.  
Additional studies could more closely analyze the relationship between habitat 
variables and leopard sharks in the Estuary by incorporating salinity and water 
temperature readings from outside of the deep water channel.  
With the increase in technology that enables public participation in data collection, 
analysis, and interpretation, scientists have a unique opportunity to utilize the assistance 
of concerned citizens. While data collected by citizens present limitations, community 
science monitoring in the world of marine science has proved successful in coastal 
management and invasive marine species monitoring (Bear, 2016). Applications such as 
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iNaturalist have already proved useful in tracking when and where elasmobranchs are 
turning up dead along the shores of the Estuary. Visual observations and comments from 
community scientists regarding the sex, size, and appearance of beached sharks can prove 
useful to scientists researching the root cause of these die-offs.  
Future research that could help managers protect leopard shark populations includes. 
Analyzing how food web regulating predators such as the leopard sharks are faring as 
environmental conditions rapidly change due to human induced climate change is 
essential to the future of estuarine habitats.  
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Appendix: Kruskal- Wallis H permutations for analysis of interannual variation in 
CPUE during the months of April to August from 1998 to 2017.  
19
98
 
19
99
 
20
00
 
20
11
 
20
02
 
20
03
 
20
04
 
20
05
 
20
06
 
20
07
 
20
08
 
20
09
 
20
10
 
20
11
 
20
12
 
20
13
 
20
14
 
20
15
 
20
16
 
19
99
 
20
00
 
20
02
 
 20
04
 
20
04
 
20
05
 
20
06
 
20
07
 
20
08
 
20
10
 
20
11
 
20
11
 
20
12
 
20
13
 
20
15
 
20
17
 
20
17
 
20
17
 
20
00
 
20
04
 
20
03
 
 20
05
 
20
06
 
20
07
 
20
07
 
20
10
 
20
11
 
20
11
 
20
13
 
20
13
 
20
13
 
20
14
 
20
17
 
   
20
04
 
20
06
 
20
05
 
 20
06
 
20
07
 
20
10
 
20
08
 
20
11
 
20
13
 
20
13
 
20
14
 
20
14
 
20
14
 
20
15
 
    
20
05
 
20
07
 
20
11
 
 20
07
 
20
08
 
20
11
 
20
09
 
20
13
 
20
14
 
20
14
 
20
15
 
20
15
 
20
15
 
20
16
 
    
20
06
 
20
08
 
20
13
 
 20
08
 
20
09
 
20
13
 
20
10
 
20
14
 
20
15
 
20
15
 
20
16
 
20
16
 
20
16
 
     
20
07
 
20
09
 
20
14
 
 20
09
 
20
10
 
20
14
 
20
11
 
20
15
 
20
16
 
20
16
 
  20
17
 
     
20
08
 
20
10
 
20
15
 
 20
10
 
20
11
 
20
15
 
20
12
 
20
16
 
          
20
09
 
20
11
 
20
16
 
 20
11
 
20
12
 
20
16
 
20
15
 
           
20
10
 
20
12
 
  20
12
 
20
13
 
 20
17
 
           
20
11
 
20
13
 
  20
13
 
20
17
 
             
20
12
 
20
17
 
  20
17
 
              
  
  
  
  
  
  
  
